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Abstract

BACKGROUND—The EphA2 receptor tyrosine kinase is known to promote cancer cell
malignancy in the absence of activation by ephrin ligands. This behavior depends on high EphA2
phosphorylation on Ser897 and low tyrosine phosphorylation, resulting in increased cell migration
and invasiveness. We have previously shown that EphA2 forms dimers in the absence of ephrin
ligand binding, and that dimerization of unliganded EphA2 can decrease EphA2 Ser897
phosphorylation. We have also identified a small peptide called YSA, which binds EphA2 and
competes with the naturally occurring ephrin ligands.

METHODS—Here, we investigate the effect of YSA on EphA2 dimer stability and EphA2
function using quantitative FRET techniques, Western blotting, and cell motility assays.

RESULTS—We find that the YSA peptide stabilizes the EphA2 dimer, increases EphA2 Tyr
phosphorylation, and decreases both Ser897 phosphorylation and cell migration.

CONCLUSIONS—The experiments demonstrate that the small peptide ligand YSA reduces
EphA2 Ser897 pro-tumorigenic signaling by stabilizing the EphA2 dimer.

GENERAL SIGNIFICANCE—This work is a proof-of-principle demonstration that EphA2
homointeractions in the plasma membrane can be pharmacologically modulated to decrease the
pro-tumorigenic signaling of the receptor.

INTRODUCTION

RTKSs are a large superfamily of 58 receptors, divided into 20 families (1-3). They are
single-pass transmembrane proteins with an extracellular ligand-binding region, a
transmembrane segment and an intracellular catalytic domain. Dimerization is required for
RTK activation, as the proximity of two kinase domains in the dimer results in cross-
phosphorylation of receptor molecules on selected tyrosines as the first step of the activation
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process. According to the canonical model of RTK activation, dimerization is induced by
ligand binding (1). However, recent work has demonstrated that some RTKSs have intrinsic
propensity for dimerization, and thus they can become phosphorylated on tyrosine residues
and activated even in the context of unliganded dimers (4-6). As RTK dimerization obeys the
law of mass action, high receptor expression leads to higher dimeric fraction and, therefore,
to higher activity (6, 7). Thus, enhanced RTK unliganded dimerization can contribute to
tumorigenesis and cancer progression in malignant cells that overexpress oncogenic RTKSs
(8-15).

The Eph receptor family is the largest of the 20 RTK families. The Eph receptors regulate
axon guidance, bone morphogenesis, and angiogenesis as well as play important roles in
inflammatory responses, neurodegenerative diseases, and cancer (16, 17). These receptors
are known to form large oligomers upon binding to their ligands (ephrins), which are
anchored on the surface of opposing cells (18-22). In response to ligand binding, the Eph
receptors cross-phosphorylate each other on two tyrosines in the juxtamembrane domain and
a tyrosine in the activation loop. This often results in cell contraction and disruption of cell-
cell contacts (23-26), ultimately leading to inhibition of cell migration and invasiveness (16,
27-29).

A member of the Eph receptor family, EphA2, can promote cell migration/invasiveness and
tumor malignancy in a ligand-independent manner (30). This tumorigenic activity has been
linked to high levels of phosphorylation on Ser897 in the linker segment between the kinase
domain and the SAM domain and to low levels of tyrosine phosphorylation (30-33). Thus,
EphA2 appears to behave as an oncoprotein in the absence of ligand binding, which may
explain why its overexpression is associated with poor prognosis in many cancers (34-37).
Consistent with this view, EphA2 overexpression in cancer is often accompanied by the loss
of ephrin ligands (16, 38).

While EphA2 was believed to be monomeric when not bound to ephrin ligands, we have
recently demonstrated that this receptor can form dimers in the plasma membrane of
HEK?293T cells in the absence of ephrin ligand binding (39). Furthermore, we have shown
that mutation to Arg of three hydrophobic amino acids in the extracellular cysteine-rich
region (L223, L254, and V255) destabilizes the EphA2 dimer. The dimerization-deficient
EphA2 mutant shows enhanced ability to promote cell migration concomitant with increased
phosphorylation on Ser897 and decreased tyrosine phosphorylation as compared to EphA2
wild-type (39). These findings suggest that the EphA2 monomer favors pro-tumorigenic
signaling. Therefore, unique EphA2-specific therapeutic strategies may be needed for
cancers driven by EphA2 overexpression. In particular, molecules that stabilize EphA2
dimers will reduce EphA2 monomer concentration as well as promote the tumor suppressor
activity associated with EphA2 kinase-dependent signaling (16, 30).

Using phage display, we previously identified two dodecameric peptides that bind
selectively to EphA2 with low micromolar affinity (40, 41). These peptides interact with the
ephrin-binding pocket in the ligand-binding domain of EphA2 and compete with ephrin
ligands for binding (40, 42). Computer modeling of peptide binding to the ephrin-binding
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pocket of EphA2 and structure-activity relationship studies have revealed a 1:1 binding
stoichiometry (42, 43), which has been supported by ITC data (44, 45).

Intriguingly, these peptides mimic the ephrins by acting as agonists that increase EphA2
tyrosine phosphorylation (40, 42-44, 46) and downstream signaling (42, 46). The
mechanism of EphA2 activation induced by these small peptides is currently unknown. Here
we show that one of these peptides, referred to as “YSA”, may inhibit the tumorigenic
activity of EphA2 by stabilizing the dimeric form of the receptor.

MATERIALS AND METHODS

Cell culture and transfection

The production of the pcDNA 3.1(+) EphA2-15aa-mTurg and pcDNA3.1(+) EphA2-15aa-
eYFP constructs has been described previously (39). These constructs encode full-length
EphA2, followed by a flexible linker consisting of 5 GGS repeats, and fluorescent proteins
(mTurgouise and eYFP, a FRET pair) at the C-terminus. HEK293T cells were purchased
from the American Type Culture Collection (ATCC) (Manassas, VA, USA). For imaging,
the cells were cultures in 35 mm glass bottom dishes (MatTek Corporation, MA) in
Dulbecco's modified Eagle medium (DMEM), supplemented with 10% fetal bovine serum
(FBS, Hyclone), 3.5¢g/L D-glucose (19.4mM) and 1.5g/L (17.9mM) sodium bicarbonate.
Cells were co-transfected with pcDNA3.1 (+) EphA2-15aa-mTurg and pcDNA3.1 (+)
EphA2-15aa-eYFP using Lipofectamine 2000 (Invitrogen), following the manufacturer's
protocol. Twelve hours following transfection, the cells were serum-starved for 12 hours.
Just before imaging, the starvation medium was replaced with hypo-osmotic medium to
swell the cells under reversible conditions as described (47). The medium contained 6 UM
YSA peptide.

Two photon microscopy of cells under reversible osmotic stress

The swollen cells in the presence of the YSA peptide were imaged in a spectrally resolved
two photon microscope with line-scanning capabilities. A mode-locked laser (MaiTai™,
Spectra-Physics, Santa Clara) that generates femtosecond pulses between wavelengths 690
nm to 1040 nm was used to excite the fluorophores mTurquoise and eYFP. Details about the
microscope are given in previous publications (48, 49). Measurements were performed in
cells under reversible osmotic stress. The swelling step was necessary because plasma
membranes are very “wrinkled”, preventing determination of exact two-dimensional
receptor concentrations. When the membrane is stretched, however, a calibration with
purified fluorescent protein solutions of known concentrations can be used to calculate the
receptor concentrations per unit membrane area (29).

The transfected cells were cultured under starvation conditions prior to the experiments to
ensure that no soluble ligand is present. Furthermore, the cell culture medium was replaced
just before imaging, thereby removing any traces of ephrins that may be present in the
solution. We imaged only plasma membranes of swollen cells that were not in contact with
neighboring cells, ensuring that the EphA2 receptors did not interact with ephrins that may
be present on opposing cells.
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Measurements of dimerization propensities

EphA2 dimerization propensities were measured using the Fully Quantified Spectral
Imaging FRET (FSI-FRET) method. The receptor concentrations were varied over a wide
range, and the concentrations in the plasma membranes were measured, along with the
FRET efficiencies. The total receptor concentration and the dimeric receptor fraction were
calculated for small membrane segments (Figure 1), and data from many cells were
combined to obtain dimerization curves. From the FRET data, two parameters were
determined to describe the EphA2 dimerization process. The first parameter is the dimer
stability, AG, which is linked to the dissociation constant A (in units of receptors/um2).
The standard state for AG is defined as nm2/receptor (50), and therefore:

The second parameter determined from the fit is the structural parameter “Intrinsic FRET”,
E, which depends primarily on the distance o between the fluorescent proteins in the dimer
according to:

Here Rois the Forster radius of the mTurg/eYFP FRET pair, 54.5 A,

Western blots

Twenty four hours following transfection, the cells were incubated with medium containing
6 UM of YSA. The cells were placed in an incubator for 10 minutes and then treated with
lysis buffer (25mM Tris-Cl, 0.5% TritonX-100, 20mM NaCl, 2mM EDTA, phosphate and
protease inhibitors (Roche Applied Science)). The lysed samples were centrifuged at 14,000
g for 15 minutes at 4°C and stored at —20°C. The amounts of total protein in the lysates were
measured with the BCA protein assay kit (Bio-Rad, CA). The lysates were loaded into 3-8%
NuPAGEHNovexHTris-Acetate mini gels (Invitrogen, CA). The proteins were transferred
onto a nitrocellulose membrane, and blocked using 5% non-fat milk in 1xTBST. Total
EphA2 expression, Ser897 phosphorylation and Tyr772 phosphorylation were probed using
anti-EphA2 antibodies (Cell Signalling, MA), anti-phospho-Ser897 antibodies (Cell
Signaling, MA), and anti-phospho-Tyr772 antibodies (Cell Signaling, MA), respectively.
Anti-rabbit HRP conjugated antibodies (Promega) were used as secondary antibodies to
visualize the EphA2 expression and phosphorylation bands. The membranes were incubated
with Amersham ECL Plus™ Western Blotting Detection Reagent (GE HealthCare Life
Sciences, PA) for 2 minutes and then exposed for 1 to 60 seconds in a Chemidoc molecular
imager (Bio-Rad, CA) to detect the chemiluminescent bands.
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Cell migration assay

HEK?293T cells were cultured for 24 hours following transfection and then serum starved
overnight. A cell suspension with 1x108 cells per ml was prepared in serum free medium
containing 0.5% BSA. The CytoSelect™ Cell Haptotaxis Assay Kit (CellBiolabs, CA) was
used to assay the migratory properties of cells. This kit contains inserts with polycarbonate
membrane with pores of size 8um, coated with collagen I on the bottom side. Five hundred
pl of medium containing 10% FBS were placed in the lower well. The inserts were loaded
with 300 pl of the cell suspension and the YSA peptide was added to the cells at a final
concentration of 6 UM. The cells were allowed to migrate for 4 hours at 37°C. After that, the
medium was aspirated from the inserts, and the top of the polycarbonate membrane was
cleaned using cotton swabs to remove non-migratory cells. The inserts were then transferred
to clean wells containing 300 ul of Lysis Buffer/CyQuant® GR dye solution, supplied with
the kit. After a 10 minute incubation at room temperature, 200 pl of the lysates were
transferred to a well in a 96 well plate. The florescence of the CyQuant® GR dye solution,
which is directly proportional to the number of cells that had migrated to the bottom side of
the polycarbonate membrane, was measured in a plate reader.

RESULTS

The YSA peptide (YSAYPDSVPMMS) binds specifically to EphA2(41). Prior work with
this peptide utilized a biotinylated variant containing a C-terminal GSGSK linker through
which biotin was attached(40). The biotinylated YSA peptide has a higher antagonistic
potency than the unmodified YSA, with a dissociation constant (Kp) of ~200 nM measured
by surface plasmon resonance(40),(41). Thus, we have used the YSA peptide with the
GSGSK linker (YSAYPDSVPMMSGSGSK).

EphA2 dimerization propensity on the surface of live HEK293T cells was measured using
FRET in the presence of 6 uM YSA peptide in the culture medium. At this concentration,
YSA is expected to exceed both the YSA-EphAZ2 dissociation constant and the concentration
of the EphAZ2 receptor. Thus, a large population (likely nearly all) of the EphA2 receptors is
expected to be bound to YSA during our imaging experiments.

The FRET data were acquired in a two-photon microscope with spectral acquisition
capabilities using the Fully Quantified Spectral Imaging (FSI)-FRET technique/method that
has been published previously(51). This method yields (i) the donor concentration, (ii) the
acceptor concentration, and (iii) the FRET efficiencies in select regions of stretched plasma
membrane not in contact with other cells (as illustrated in Figure 1).

The FRET data for EphA2 in the presence of YSA, acquired from 320 cells expressing
different levels of EphA2, are shown in Figure 2. Each data point corresponds to a small area
of stretched cell membrane under reversible osmotic stress. Figure 2A shows the FRET
efficiencies as a function of receptor (donor + acceptor) concentration. The high FRET
efficiencies are indicative of specific interactions between the YSA-bound EphA2 receptors.
Figure 2B shows the donor versus the acceptor concentration, which were varied over a very
broad range in these transient transfection experiments. As discussed previously (51, 52),
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such FRET data are necessary and sufficient to characterize the lateral interactions in the
membrane in quantitative terms.

To evaluate whether EphA2 bound to YSA forms dimers or higher order oligomers, in
Figure 3A we plotted the FRET efficiency as a function of acceptor fraction, X, under
conditions where FRET does not strongly depend on receptor concentration. In particular,
we selected data points corresponding to membrane regions in which EphA2 concentrations
exceeded 2,000 receptors/um? because FRET does not vary substantially with concentration
at these high levels of expression (Figure 2A). Under such conditions, the dependence of
FRET efficiency on the acceptor fraction is known to be linear for a dimer and non-linear for
higher order oligomers (53-55). The data in Figure 3A are well described by a linear
function, demonstrating that YSA-bound EphA2 forms dimers.

Next, the FRET data for YSA-bound EphA2 were fitted to a dimerization model with two
adjustable parameters as previously described (39, 51). The first parameter is the
dissociation constant, Kgss, Which is used to calculate the dimerization free energy AG
indicative of dimer stability. The second parameter is the structural parameter “Intrinsic
FRET”, E, which depends on the dimer structure, and in particular on the average distance
and orientation of the fluorescent proteins in the dimer (50). Since the fluorescent proteins
are attached via long flexible linkers, Intrinsic FRET is expected to depend primarily on the
distance between the fluorescent proteins. The optimal parameters, determined in the fit, are
shown in Table 1.

The best-fit dimerization curve for EphA2 in the presence of YSA is shown in Figure 3B
(black symbols) and compared to the previously published dimerization curve for EphA2 in
the absence of YSA (red symbols). Both unliganded EphA2 and YSA-bound EphA2 form
dimers, but the YSA-bound EphA2 dimer is more stable by —0.7 + 0.3 kcal/mole (Table 1,
AG). Thus, YSA binding stabilizes the EphA2 dimers. The Intrinsic FRET of EphA2 also
changes upon YSA binding (Table 1), indicative of a structural change in the EphA2 dimer
upon YSA binding. This structural change involves an increase in fluorescent protein
separation in the dimer.

Next we asked whether the observed change in Intrinsic FRET is indicative of a YSA-
induced switch to a distinctly different EphA2 dimer architecture with a different receptor-
receptor contact interfaces. Alternatively, only modest allosteric structural changes may be
occurring in the EphA2 dimer upon YSA binding, without alterations in the contact
interfaces. We specifically focused on a receptor-receptor interface involving L223, L254,
and V255 in the cysteine-rich region of the extracellular domain, which has previously been
shown to stabilize EphA2 dimers in the absence of ligand binding (39). We therefore
performed FRET experiments with the EphA2 L223R/L254R/VV255R mutant in the presence
of 6 UM YSA. The FRET data are shown in Figure 4, and the dimerization curve is shown in
Figure 5 with the green symbols. This dimerization curve is compared to the dimerization
curve for the EphA2 L223R/L254R/V255R mutant in the absence of YSA (Figure 5A) and
to the dimerization curve for wild-type EphA2 in the presence of YSA (Figure 5B). In
Figure 5A, we see that YSA binding stabilizes the L223R/L254R/V255R EphA2 mutant
dimer. In Figure 5B, we see that the L223R/L254R/V255R mutations destabilize the YSA-
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bound EphA2 dimer. The reduction in YSA-bound EphA2 dimer stability due to the L223R/
L254R/V255R mutations is 1.1 £ 0.3 kcal/mole. This destabilizing effect is very similar to
the effect of the L223R/L254R/VV255R mutation on unliganded EphA2 dimer stability (1.0
+ 0.3 kcal/mole) (39). These data demonstrate that contacts mediated by amino acids L223,
L254, and V255 stabilize EphA2 dimers both in the presence and absence of the YSA
peptide. Thus, YSA binding to the EphA2 dimer seems to preserve the interface in the
cysteine-rich region, where the mutated amino acids are located.

We also found that the YSA peptide at a concentration of 6 UM increases by ~40% the
tyrosine phosphorylation of both wild-type EphA2 and the EphA2 L223R/L254R/V255R
mutant (p = 0.01 for both forms of the receptor; Figure 6). Similarly, YSA decreased the
Ser897 phosphorylation of EphA2 wild-type by ~40% and that of the EphA2 L223R/L254R/
V255R mutant by ~35% (p<0.001 for both forms of the receptor; Figure 6). Furthermore,
the L223R/L254R/V255R mutations increased EphA2 Ser897 phosphorylation and
decreased EphA2 tyrosine phosphorylation, supporting the conclusion that these mutations
destabilize not only the unliganded EphA2 dimer but also the YSA-induced EphA2 dimer.

Finally, in transwell cell migration assays, the YSA peptide suppressed the migratory ability
of HEK293T cells by ~25% for both EphA2 wild-type (p < 0.05) and mutant (p < 0.01)
(Figure 7). This demonstrates that the YSA peptide can inhibit the pro-migratory effects of
EphA2. Furthermore, the L223R/L254R/V255R mutation increased the migratory potential
of the HEK293T cells by ~50 % in the presence of the YSA peptide, consistent with the
hypothesis that the mutated residues participate in EphA2 wild-type dimerization upon YSA
binding.

Discussion

The YSA peptide stabilizes the EphA2 dimer

Using the FSI-FRET method, we previously showed that EphA2 can form dimers on the cell
surface in the absence of ephrin ligand binding (39). Based on prior structural data and our
own work, we now have an understanding of the general architecture of this dimer. First, we
have shown that L223, L254, and V255 in the cysteine-rich domain play a role in EphA2
dimer stabilization (39). These contacts are part of an interface that does not involve the
ephrin ligands and was thus designated “clustering interface” (19). This clustering interface
involves lateral contacts between both the cysteine-rich domain domains and the ligand-
binding domains (18, 19). Second, NMR structures of the isolated EphA2 transmembrane
segments in detergent micelles, molecular modeling, and activity studies have suggested that
specific receptor-receptor contacts occur between the transmembrane segments in the
absence of ligand(56). Third, it can be expected that contacts occur between the kinase
domains, as such contacts are likely required for the EphA2 tyrosine phosphorylation that
accompanies the dimerization of unliganded EphAZ2 in transiently transfected HEK293T
cells. In fact, contacts between the two EphA2 molecules in the dimer likely occur along the
length of the receptors (57).

Although it inhibits ephrin binding, the YSA peptide has been shown to function as an
EphA2 agonist (40, 41). Furthermore, molecular docking simulations have suggested that
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the YSA peptide occupies the ephrin-binding pocket of EphA2 (42). The YSA binding site,
therefore, is likely to be on the opposite side of the so-called “clustering interface” in the
extracellular region, which is in part formed by amino acids L223, L254, and VV255(19).

It has been previously hypothesized that YSA binding causes conformational changes in the
EphAZ2 ligand-binding domain that propagate to other domains of the receptor (41). Our
finding that YSA binding stabilizes the EphA2 dimer supports this hypothesis, and suggests
that the YSA peptide exerts its dimer stabilization effect via an allosteric mechanism. In
other words, YSA binding leads to alterations in the EphA2 dimer interface, and these
alterations stabilize the EphA2 dimer. The inferred structural changes are propagated along
the entire length of the EphA2 dimer, and can be detected as a change in Intrinsic FRET
following YSA binding.

Currently, it is not known in detail how the EphA2 dimer interface along the entire length of
the receptor changes upon YSA binding. In our mutagenesis experiments, we only focus on
a specific portion of the CRD domain and we show that the YSA-free and YSA-bound
dimers are stabilized through contacts involving the same three amino acids, L223, L254R,
and V255R. This conclusion stems from our finding that the L223R/L254R/V255R
mutations destabilize the YSA-bound EphA2 dimer to the same extent as they destabilize
the unliganded EphA2 dimer. This finding, however, does not exclude the possibility that
subtle structural changes occur even in the CRD domain upon YSA binding.

Implications

The EphAZ2 receptor tyrosine kinase promotes cancer cell malignancy via a ligand-
independent process that is unique among the RTKs and involves phosphorylation on
Ser897. Often EphA2 Ser897 phosphorylation correlates with low receptor tyrosine
phosphorylation and increased cell migratory potential (30). This behavior of EphA2 is also
manifested in transiently transfected HEK293T cells (30). We recently showed that ligand-
independent EphA2 dimerization in HEK293T cells correlates with high receptor tyrosine
phosphorylation, low phosphorylation on Ser897 and decreased cell migratory potential
(39), thus establishing the biological significance of EphA2 homo-interactions in the
absence of ligand.

Unliganded dimers for other RTKSs are known to form, but their activity is rather low
(referred to as “basal activity”) (6, 58, 59). Ligand binding to these preformed dimers has
been shown to change the dimer structure, and increase the activity (6, 58, 59). Thus,
unliganded RTK dimers typically play roles of signaling intermediates. On the other hand,
EphA2 dimers play a unique role in inhibiting pro-oncogenic signaling by depleting EphA2
monomer populations.

The mechanism of EphA2-mediated tumorigenesis in the absence of ligand therefore
appears to be the opposite to the tumorigenesis mechanism of a typical RTK (such as EGFR,
FGFR, etc). In other words, unliganded dimerization is pro-tumorigenic for most RTKSs (8,
9, 11, 15, 60-64), but it is anti-tumorigenic for EphA2. Therefore novel, distinctly different
therapeutic strategies may be needed for cancers that arise due to EphA2 overexpression (16,
29). For instance, inhibitors of receptor kinase activity similar to those that are currently
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being developed for other RTKs may actually enhance, instead of decreasing, EphA2 pro-
tumorigenic signaling. Our work suggests that one possible EphA2-specific therapeutic
strategy may be to minimize EphA2 monomer populations by stabilizing EphA2 dimers or
oligomers.

The YSA-induced increase in EphA2 stability correlates with an increase in tyrosine
phosphorylation (indicative of kinase activity) and a decrease in Ser897 phosphorylation as
well as an decrease in cell migration. These results are a direct demonstration that a small
peptide can reduce cell migration via a mechanism that involves stabilization of EphA2
dimers. In particular, the peptide exerts control over EphA2 tumorigenic signaling ability by
modulating receptor homo-interactions in the plasma membrane. Peptides with this property
could be potentially developed into EphA2-specific therapies with utility in the clinic.
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Highlights
. Small peptide ligands are known to increase EphA2 tyrosine
phosphorylation
. We show that the YSA peptide ligand stabilizes the EphA2 dimer
. The YSA peptide ligand reduces EphA2 Ser897 phosphorylation
. The YSA peptide ligand decreases cell migration
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Figure 1.
Selection of a membrane region for FSI-FRET analysis. The cell under reversible osmotic

stress exhibits large areas of stretched membrane with homogeneously distributed EphA2
fluorescence. Each data point in Figures 2 and 4 corresponds to a homogeneous region in a
cell membrane, ~3 pm in length (outlined in yellow).
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Figure 2. FRET efficiencies and EphA2 concentrations measured for the YSA-bound receptor
(A) FRET as a function of receptor concentration. Every data point represents a single

membrane region such as the one shown in Figure 1. (B) Receptor donor concentration
plotted as a function of receptor acceptor concentration in each membrane region analyzed.
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Figure 3. The YSA peptide promotes EphA2 dimerization
(A) FRET efficiency as a function of receptor acceptor fraction, for total EphA2

concentrations that exceed 2,000 receptors/um?2. Under these conditions, the FRET
efficiency depends primarily on the acceptor fraction (xa) and the linear dependence
suggests that the oligomer type is a dimer(53-55). (B) Dimerization curves for YSA-bound
EphA2 are compared to previously published dimerization curves for unliganded
EphA2(39). The dimeric fractions are binned, and averages and standard errors are shown

1 v
for each bin. The solid line, given by /o =7 (T — Hdjas (\/ 18T/ Kgiss — 1)) is the
theoretical curve for the best-fit dimerization model. YSA binding stabilizes the EphA2

dimer by -0.7 + 0.3 kcal/mole.
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Figure 4. FRET efficiencies and concentrations measured for the YSA-bound EphA2 L223R/

L254R/V255R mutant

(A) FRET as a function of receptor concentration. Every data point represents a single
membrane region such as the one shown in Figure 1. (B) Receptor donor concentration
plotted as a function of receptor acceptor concentration in each membrane region analyzed.
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Figure 5. The YSA peptide promotes dimerization of the EphA2 L223R/L254R/V255R mutant
(A) Dimerization curves for the YSA-bound EphA2 mutant are compared to previously

published dimerization curves for the unliganded mutant.(39) (B) Comparison of the
dimerization curves for YSA-bound EphA2 wild-type and mutant.
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Figure 6. YSA binding increases EphA2 Tyr772 phosphorylation and reduces Ser897
phosphorylation
Top: Representative Western blots. Bottom: Quantification from three independent

experiments. Shown are means and standard errors. *, p < 0.05; **, p < 0.01.
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Figure 7. YSA binding to EphA2 reduces cell migration
Shown are means and standard errors from three independent experiments with HEK293T

cells. *: p < 0.05; **: p<0.01.

Biochim Biophys Acta. Author manuscript; available in PMC 2017 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Singh et al.

Dissociation constants and dimerization free energies for YSA-bound EphA2 are compared to published

values for unliganded EphA2(39).

Table 1

Kgiss (rec/um2) | AG(kcal/mole) E d(A)

Ephaz™™ 210 + 50 -5.0+020 | 0.67+003 | 48+1
EphA2 + YSA 69 + 23 -57+024 | 0524002 | 541
Mutant “Ephaz ™ | 1200250 -40+020 | 0.72£004 | 47+1
Mutant™ + YSA 428 + 103 -46+016 | 054+003 [ 53+1

Also shown are the Intrinsic FRET values, £ from which averages distances between the two fluorescent proteins in the dimer, d, are calculated.

*
L223R/L254R/VV255R EphA2 mutant.

*:

*
Data from (39).
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